Dislocation structure in rapidly solidified Mg 97 Zn 1 Y 2 ribbon with the long period stacking order (LPSO) phase is investigated by conventional transmission electron microscopy. In the grain with the LPSO phase there are no a dislocations lying on the basal plane, and a number of c þ a dislocations are visible. On the other hand, in the grain without the LPSO phase there are many straight a dislocations lying on the basal plane. These facts indicate that the critical resolved shear stress of the basal plane increases by the formation of the LPSO phase and the non-basal slip is activated by the prevention of the basal slip. In other words, the former directly contributes to the strengthening and the latter relates to the improvement of ductility with the increment of the number of the slip system. Therefore, it is concluded that the LPSO phase plays a unique role which overcomes the conflicting properties of strength and ductility in the mechanical property of the present alloy.
Introduction
Superior performance of rapidly solidified (RS) powder metallurgy (P/M) Mg 97 Zn 1 Y 2 (at%) alloy has been recently developed.
1) The tensile yield strength and elongation of the extruded alloy are 610 MPa and 5%, respectively. These excellent properties are considered to be due to the hcp(2H)-Mg fine grain matrix of 100 to 200 nm in diameter with a long period stacking order (LPSO) phase. The morphological, crystallographic and chemical characterizations of the LPSO phase have been performed by conventional transmission electron microscopy (CTEM), 2) a high-angle annular darkfield scanning-TEM with Z-contrast 3) and a three-dimensional atom probe. 4) We have reported 5) the unique interaction between the LPSO phase and the deformation twin in RS Mg 97 Zn 1 Y 2 alloy. The growth of f10 1 12g deformation twin in the Mg matrix is prevented by the densely developed LPSO phase. On the other hand, the LPSO phase with low density cannot be the resistance of the twinning. The trace of the basal plane in such LPSO phase deviates with a constant angle of about 3.8 degrees at the twin boundary. This angle is well explained by the atomic movement with shuffling in the formation of f10 1 12g twin. However, the interaction between the LPSO phase and dislocations which play an important role in the mechanical properties of crystalline materials has not been clarified yet.
In the present study, we have performed CTEM observations of the dislocation structure in the tensile deformed RS Mg 97 Zn 1 Y 2 ribbon to understand the interaction between the LPSO phase and dislocations.
Experimental Procedure
An Mg 97 Zn 1 Y 2 ingot was prepared by high-frequency induction melting of pure elements in an argon atmosphere. Ribbons were prepared by a single-roller melt spinning method at a circumferential speed of 42.0 m/s. The obtained ribbons were annealed at 473 to 773 K for 3.6 ks in vacuum of 2:5 Â 10 À3 Pa in order to develop various morphologies of the LPSO phase. The hardness was measured using a micro Vickers hardness testing machine. Some of the ribbons were deformed conveniently by the handmade tensile device at room temperature. TEM specimens were prepared by the argon ion milling technique. TEM observations were carried out in JEOL-2000FX microscope equipped with the double tilt specimen holder of AE45 degrees and operated at 200 kV. In hcp crystals, it is well known that there are three perfect dislocations, i.e., a, c and c þ a dislocations which have the Burgers vector of b ¼ 1=3h11 2 20i, h0001i and 1=3h11 2 23i, respectively. Based on the g Á b (g: reciprocal lattice vector) criterion, when g ¼ 01 1 10, a dislocation is visible and when g ¼ 0002, c dislocation is visible. c þ a dislocation is found in both conditions. In the present study, the basal planes are set parallel to the incident electron beam direction in order to observe the basal plane under edge-on condition. Under this condition dislocations parallel to a basal plane trace are in the basal slip system, whereas other dislocations are in the nonbasal slip system.
Results and Discussion
Microstructures in the ribbon can be divided into four categories with respect to the appearance and disappearance of the LPSO phase. In the specimens as-melt spun and annealed below 523 K the LPSO phase characterized by parallel striations is only observed at the grain boundaries as seen in Fig. 1(a) . Thus, the grain interior and boundary consist of 2H-Mg and LPSO phases, respectively. The LPSO phase develops from the grain boundary to the whole grain interior by annealing at 573 to 623 K as shown in Fig. 1(b) . Subsequently, the LPSO phase shrinks and/or coagulates in the specimen annealed at 673 K as presented in Fig. 1 
(c).
There is no LPSO phase in the specimen annealed above 773 K as shown in Fig. 1(d) . As apparently from Fig. 1 , it is hardly to recognize dislocations in the specimens without the deformation. In the present study, the four specimens with the typical microstructures mentioned above were deformed up to fracture by the handmade tensile device at room temperature. Fig. 2(d) . In addition, c þ a and c dislocations are invisible from Figs. 2(b) and (c). These features are similar to those of the deformation structure in pure Mg metal, 6) although there is LPSO phase at the grain boundary in the present alloy. Figure 3 (a) shows a bright field image just near the tensile fractured area in the specimen annealed at 573 K. The characteristic striations of the LPSO phase are seen in the whole grain as has been observed in Fig. 1(b). Figures 3(b) and (c) are dark field images taken under two-beam diffraction conditions using g ¼ 01 1 10 and 0002, respectively. Figure 3(d) shows the schematic illustration of the dislocation structure. Lots of bright line contrasts parallel to the basal plane are considered to be not dislocations but interfaces between the LPSO phase and 2H-Mg matrix. a dislocations lying on the basal plane are invisible in the whole grain as illustrated in Fig. 3(d) . It is apparent from the interaction between the LPSO phase and the deformation twin 5) that the LPSO phase contributes to the strengthening of the present alloy. Therefore, it is reasonable that there is no a dislocation in the region where the LPSO phase develops with high density. In addition, it is notable that there is also no a dislocation in the region without the LPSO phase as indicated by the arrows in Fig. 3(a) . Besides some c þ a dislocations are visible, c dislocation is invisible according to the g Á b analysis in Figs. 3(b) and (c). When the LPSO phase is formed in the whole grain, it is difficult to distinguish c þ a and c dislocations. However, it is reasonable that such dislocations are regarded as c þ a dislocations from the deformation mechanism in Mg alloys.
7) The dislocation density is quite low in the grain with well developed LPSO phase throughout this study.
It should be also mentioned about the modification of the LPSO phase with the deformation, in order to discuss the mechanical property of the present alloy. It has been reported that there are several kinds of stacking sequence in the LPSO structures. 8) We have also found out four kinds of stacking sequence, i.e., 18R, 10H, 14H and 24R structures. 9) Among those the 18R structure was dominantly observed and the rest were occasionally observed in places. It is well recognized that the stacking sequence in the thermoelastic martensitic phase consisting of the LPSO structure changes from one to another with loading in some of shape memory alloys such as Cu-Al-Ni, 10) since the stress assists the successive martensitic transformation. However, it is confirmed from electron diffraction experiments that the 18R structure was still dominant in the present alloy after deformation. This fact suggests that no change of stacking sequence occurs with loading in the present LPSO phase. It is quite natural, because the LPSO phase is the diffusional product accompanied with the chemical ordering.
3) Figure 4 shows the dislocation structure in the specimen annealed at 673 K. As seen in Fig. 4(a) , the LPSO phase shrinks and/or coagulates as has been observed in Fig. 1(c) . Many c þ a dislocations along the edge of the bundled LPSO phase are apparently visible from Figs. 4(c) and (d). It should be noticed that there are no a dislocations lying on the basal plane in the 2H-Mg matrix without the LPSO phase marked as the arrow in Fig. 4(a) as well as within the coagulating LPSO phase. The importance of this fact becomes clear in comparison to Fig. 5 . c dislocations are invisible in Fig. 4(c) . Figure 5 shows the dislocation structure in the specimen annealed at 773 K. No LPSO phase is observed in Fig. 5(a) . 
Concluding Remarks
From the results of TEM observations as described above, we discuss the interaction between the LPSO phase and dislocations. In the grain with the LPSO phase there are no a dislocations lying on the basal plane indicating the evidence of basal plane slip. On the other hand, in the grain without the LPSO phase many straight a dislocations lying on the basal plane are visible. The plastic deformation in polycrystalline Mg alloys entirely occurs by basal slip, since the critical resolved shear stress (CRSS) of the basal slip system at room temperature is approximately 1/100 in comparison to that of the non-basal slip systems. 6, 11, 12) Therefore, it is considered that the CRSS of the basal plane increases by the formation of the LPSO phase. From these results, it is certainly concluded that the LPSO phase contributes to the strengthening of the present alloy.
In addition, it is notable that a number of c þ a dislocations are visible in the grain with the LPSO phase. This is considered to be originated that the non-basal slip, i.e., especially the second order pyramidal slip, 13) is activated by the prevention of the basal slip due to the formation of the LPSO phase. In order to improve the poor ductility of polycrystalline Mg alloys, the non-basal slip system must be activated according to the Von Mises requirement. 7, [13] [14] [15] [16] Therefore, it is considered that the LPSO phase contributes to the enhancement of the ductility in the present alloy with the increment of the number of the slip system.
From above results, it is concluded that the LPSO phase plays a unique role which overcomes the conflicting properties of strength and ductility in the mechanical property of the present alloy. Thus, it is likely that the control of the deformation anisotropy of hcp-Mg matrix with the presence of the LPSO phase leads to superior performance of the RS P/M Mg 97 Zn 1 Y 2 alloy.
